Current collectors in PEM water electrolysis perform several functions that influence overall performance. These include conducting heat and electrons, as well as transporting water and gas. X-ray tomography, standardized reconstruction, and calculation methods are used to compare the morphological and transport parameters of eight different current collectors functioning as flow fields for PEM water electrolysis. We find simple exponential relations between through-plane thermal conductivity l and
Introduction
As the share of renewable energy sources is steadily growing worldwide, the storage of uctuating renewables becomes an important issue. Depending on the time scale of the storage, different solutions are possible. Hydrogen, as a secondary energy carrier, is suitable to store energy chemically bound over a long period of time. This can be in the GWh or even TWh range. The energy needed for the splitting of water can be easily provided by renewable energy sources like wind or solar. Thus, water electrolysis is suitable for generating hydrogen.
Proton exchange membrane (PEM) electrolysis is highly suited for production of molecular hydrogen of nearly 100% purity. 1 To generate hydrogen in a PEM electrolysis cell, a thermoneutral voltage of 1.48 V at room temperature must be exceeded. III-V tandem solar cells, under concentration, are able to generate voltages above 2 V and are therefore suitable for the production of hydrogen.
In the HyCon concept, 2,3 these tandem solar cells are directly coupled to PEM electrolysis cells. This concept has the advantage that an electrical interconnection of the solar cells is spared and a failure of a single cell only leads to a small reduction in hydrogen production. Additionally, a DC-DC converter is spared, which also reduces the costs. A schematic drawing of the HyCon module is shown in Fig. 1 .
The current generated by the solar cell is directly fed to the catalytic layers (CL) of the PEM electrolysis cell, via a conductor and a current collector. Moreover, heat is also transported to the area where the reaction takes place, decreasing the voltage needed for the reaction.
Concerning mass (water and gas) transport, the current collectors must also be able to function as a ow eld. As a recently published study shows, PEM electrolysis devices without ow channels, but instead porous current collectors, do not decrease performance in HyCon cells. In these devices, the porous current collector acts both as the mass transport ow channel and current collector, thereby decreases costs.
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In this publication, we focus on various ow eld current collector combinations (FF/CCs). To investigate the porous current collectors, 3D X-ray tomography reconstructions are used. X-ray tomography is highly suited for metal current collectors on this scale, as it provides sufficient resolution and excellent contrast. Surprisingly, this technique has hardly been used to explore the transport and morphology of metallic current collectors and the current collector ow eld combinations in the past.
The present study shows that morphologically different samples, like brous and sintered structures, can be imaged whilst neither segmentation nor representativeness is problematic. The investigated structures in this paper are possible candidates for anodic and cathodic FF/CCs in a PEM electrolysis cell.
Regarding the HyCon module or related energy devices for PEM water electrolysis, the FF/CCs must:
(i) Have homogeneous current distribution in all directions, with a special focus on the direction from CL to separator plates.
(ii) Constantly supply water to the CL. (iii) Transport gas bubbles out of the system. (iv) Facilitate sufficient heat transport.
(v) Reduce ohmic losses at the FF/CC-CL interface.
1,4-7
For each requirement, characteristic transport parameters were chosen, calculated, and compared for eight different FF/ CC candidates. The corresponding transport parameters chosen are:
(i) Electrical conductivity in x, y and z direction.
(ii) + (iii) Water permeability.
(iv) Thermal conductivity in x, y and z.
(v) Distances of contact points between solid and CL and contact area of solid and CL.
In this paper, a comprehensive overview of calculated morphological and performance relevant transport parameters is provided, which can be used in macroscopic models of PEM water electrolysis or related works. 4, 8 Since all parameters in this work are calculated using the same standardized reconstruction and calculation tools, the parameters can be compared easily. In addition, we nd two important relations. First, we nd an exponential relation between porosity and two phase thermal conductivity from the solar cell to the CL. Secondly, another exponential relation between electrical conductivity from the CL to the solar cell, and in-plane water permeability of the FF/CC itself. These two relations hold true even for morphologically different materials, such as brous and sintered titanium FF/CCs. They can consequently be used to predict thermal conductivity from porosity, water permeability from electrical conductivity, or the other way around. Thereby, degrees of freedom in macroscopic simulations can be strongly reduced.
Experimental section
X-ray reconstruction X-ray tomography was performed using a Skyscan system and source voltages of 90-100 kV. For all samples, except the sinter sample, a pixel size of 1 mm was chosen, resulting in a voxel volume of 1 mm . To resolve the smaller features of the sintered sample, a pixel size of 0.75 mm was chosen. To crop out representative subvolumes, to rotate, and to coarse grain the images, the Fiji soware was used.
9 Aer these steps, the images were segmented using Otsu's method, implemented in Matlab. 10 The Otsu threshold was then compared to visual judgment thresholds and found to be very reasonable. This was expected, since the contrast of pore space and metal is very high in all X-ray tomography images. To ensure that the 3D geometrical congurations are as realistic as possible, oating solid parts not connected to a wall were removed using standard Matlab functions.
Calculations
Electrical conductivity, thermal conductivity, water permeability, and global pore size distributions were calculated using the soware GeoDict.
11 For electrical conductivity, we solved for Ohm's law with titanium being the only conducting phase. As the conductivity is given as percent of the intrinsic conductivity, explicit values can be found by multiplying the presented relative conductivity with bulk values from the literature. However, one has to note, that contact resistances cannot be calculated. These values therefore represent the inuence of the microstructure on the ohmic transport. Thermal conductivity was found by solving for Fourier's law, where the water lled pore space and the titanium solid parts both conduct heat. The used bulk thermal conductivity values are 0. 12, 13 The ow was assumed to be laminar, requiring Darcy's law to be solved. All other calculations were performed using Matlab.
14 To determine local pore size distributions, the Delerue method was used for the whole volume. 15, 16 Subsequently, single slices containing information on local pore diameters can be investigated. An exemplary slice is shown in Fig. 2a . By Fig. 1 The HyCon module and the transport directions for solar driven PEM electrolysis. Hereby, the Fresnel lens is used to concentrate the sunlight onto the solar cell, which facilitates the needed voltage for the electrolysis of water. The produced heat is transported by the conductor plate beneath the solar cell, to the FF/CC. Here, the heat is favourable in terms of electrolysis performance. The reaction itself occurs at the catalytic layer. Protons are then transported through the PEM to the cathode side. We focus on the requirements of the flow field current collector (FF/CC). They must enable efficient water and gas transport in y and x direction, and transport heat and current in z direction. Also, the FF/CC morphology at the boundary between FF/ CC and catalytic layer is investigated, as here ohmic losses occur.
creating a histogram of the occurring sphere diameters in this slice, we obtain one vertical line in the 2D colour plots, shown on the right of Fig. 4 . To determine distances between solid material, chord length distributions were used. 17 The only constraint is that a chord between a boundary and solid is forbidden (shown in black). This is shown in Fig. 2c . We propose these two methods for local investigation, since they run within a few minutes on standard desktop computers.
Results and discussion
The bases of all calculations are 3D geometrical congurations, resulting from aligned and segmented X-ray tomography images. The three base case FF/CCs investigated in this work are shown in Fig. 3 .
As shown in Fig. 1 , the direction from the CL to the solar cell is the z-direction (through-plane) and the directions parallel to the CL are x and y (in-plane). The local calculations in Fig. 4 are made in through-plane direction.
In the following, morphology and transport parameters are presented, compared and linked to each other when possible.
Morphology
Pore morphology investigation tools, like global and local pore size distributions (PSD), solid size distribution (SSD), and chord length distributions, are used to determine performance relevant parameters. These include the distance between contact points of FF/CC and CL, mean pore sizes and contact area to the CL.
15-17
It was found that mean chord lengths are a fast and reliable tool to predict thermal and electrical conduction anisotropies.
PSD/SSD
In Fig. 4 , pore size distributions (PSDs) of the three FF/CCs are shown. On the le hand side, the PSD for the whole volume is shown (global). On the right hand side, it is shown for each plane parallel to the CL (locally). It is necessary to use both concepts to fully describe the pore spaces. Gradients cannot be detected using only global concepts, and total mean pore diameters cannot be found using the PSD only locally. This can be seen in Fig. 4a . Here, the FF/CC consists of two differently woven brous mats, each having different PSDs and SSDs. Local analysis yields that the upper mat has a mean pore diameter of 136 AE 16 mm, and 89 AE 7 mm for the lower part (last 200 mm thickness). This information is not visible by looking only at global PSD/SSDs (Fig. 4, le hand side) . The other two investigated FF/CCs, the sintered material and the mat without a gradient, have homogeneously distributed pore sizes along the z-axis. The variance of their mean pore size in z direction is below 4%. The mean pore sizes m for all FF/CCs are shown in Table 1 , among other morphological parameters.
Looking at the global size distributions, one can see that the gradient mat sample (Fig. 4a) shows two sharp peaks in the SSD, which can be assigned to the two different bre diameters. The PSD of the gradient mat is very broad and contains diameters of up to 350 mm. For the sintered sample (Fig. 4c) , the pore and solid size distribution are very similar; whereas the brous structure in Fig. 4b shows a narrow peak in the SSD which again is typical for brous mats.
In addition, we simulated standard mercury intrusion porosimetry to quantify the errors made by this technique. We nd a systematically underestimation of large pores, which results in smaller mean pore diameters by porosimetry of up to 21%. The difference in mean pore diameters Dm is shown in Table 1 .
We nd that for the structures having larger porosities than 60%, Dm is between 11% and 15%. For structures having porosities of below 60%, Dm is between 20% and 21%.
Distance between contact points and contact area
In order to determine distances between solids at the interface of CL and FF/CC, chord length distributions can be used. Here, a chord represents the direct distance from one solid voxel to the next in a specic direction. The mean distance d, between the solid parts, and the contact area A, between the solid phase and the CL, were calculated in the vicinity of the CL. The values are shown in Table 1 . They result from averaging distances and areas in both in-plane directions of the last three slices.
From Table 1 , it is visible that if the porosity p increases, the mean pore diameters m and the mean distance d also increase. However, the mean area A consequently decreases. One can also see that porosity is not a direct sign of mean pore sizes or mean distance quantitatively. However, by comparing various FF/CCs, porosity can be used to estimate trends in these parameters. In order to conclude how these morphological parameters affect transport parameters, thermal conductivity, electrical conductivity, and water permeability are calculated in all microstructures.
Transport parameters
All calculated transport parameters are presented in Table 2 . In the following, they will be presented, discussed, and linked to First, electrical conductivity will be discussed and linked to mean chord length for the solid phase. Then, thermal conductivity will be discussed and linked to porosity. Finally, a relation between electrical conductivity and water permeability will be presented.
Electrical conductivity
Electrical conductivity is highly anisotropic in the three main directions of the FF/CCs, except for the s46 sample. This uniform impression was also concluded from the global and local PSD/SSDs, and is now conrmed by the resulting transport parameters.
However, since the remaining samples are woven mats, one would only expect anisotropy in-plane and through-plane. But, in-plane conductivities strongly differ up to 25% for m54. The most reasonable explanation for this anisotropy is that the bers have a main direction coming from the production process. This was checked using the concept of chord length distribution globally for the solid phase. The result is the mean chord length in the three main directions L (Table 2) . For all investigated samples, we nd that the largest mean chord length L is always in the direction of the highest conductivity (thermal and electrical). Additionally, the largest water permeability is in the direction of the largest mean chord length, except for s46 and g82. Since g82 consists of two different mats, we calculated the mean solid chord lengths for both subvolumes. We nd that the largest mean chord length for the lower ne mat and the coarser upper mat are in different directions. This could be the reason why the largest permeability direction could not be predicted with the mean chord length.
We therefore conclude that mean chord lengths are able to predict the direction of the strongest conductivity for sintered and brous structures, and additionally the direction of highest water permeability for homogeneous, brous structures. Therefore, the simple time effective chord length distribution can help experimentalists assemble their FF/CC in the most efficient direction.
Thermal conductivity
One of the main requirements of a FF/CC in PEM water electrolysis is efficient heat transport. This is especially important in case of the HyCon module as the solar cell on top of the module produces heat. Not only does the solid titanium transports heat, but also the water ooded pore space. Therefore, we solve Fourier's law for the two phases simultaneously. The explicit values are mentioned in the experimental section. The results of the calculations are shown in Fig. 5a . Here, the thermal conductivity at 20 C is higher than for 80 C for porosities smaller than 60%, and vice versa for porosities larger than 60%. This can be explained by the increased thermal conductivity of water at 80 C compared to 20 C, whereas titanium thermal conductivity decreases from 20 C to 80 C.
The consequences of this phenomenon only impacts high porosity FF/CCs. The porosity p and two phase through-plane thermal conductivity l, in the investigated FF/CCs, can be tted using an exponential function at both 20 C and 80 C: l 20 C ¼ 1749p À1.306 À 4.420 and l 80 C ¼ 1338p À1.238 À 4.508. Fig. 5a shows the data and the t curve for the 80 C data.
The vertical width of the coloured region represents the 95% Table 2 Calculated transport relevant parameters: mean chord length L in x, y, z, electrical conductivity s in x, y, z, thermal conductivities in x, y, z for 20 C and 80 C and water permeability K in x and y 
Costs
The costs are shown in Fig. 5b as the radii of the circles. They are normalized to a price per volume (approx. 255 cm 3 ). The costs are given relative to each other and are based on single unit prices. One can see that there are cost saving possibilities for both the well conducting/poor permeable case (m51, m52), and for the opposite case (m69). The two extreme cases (s46 and g82) are cost intensive. From these diagrams, it can be decided which FF/CC suits the desired requirements best. It can also be estimated if an increase of a certain transport parameter is worth the additional cost.
Permeability
We calculated water permeability for all samples and plotted it versus the through-plane electrical conductivity. The results are depicted in Fig. 5b . The rst thing to notice is that the highly porous gradient mat and the least porous sinter sample are the two extremes in this diagram. This visualizes the dilemma of porosity for water electrolysis performance: high porosity usually leads to weak electrical conductivity (gradient mat) and therefore less efficiency, whereas low porosity leads to high ow resistances (sinter) and therefore weak mass transport. Generally, when developing performance increasing FF/CCs, it is clear that a position in the upper right corner of the diagram would be favourable. One should note that FF/CC requirements depend on the operating conditions. In high pressure mode, for example, it is more important to have high electrical conductivity and homogenous current density at the catalytic interface, since two phase ow loses importance and less gas bubbles can evolve.
4
When plotting the result for the investigated FF/CCs, however, one notices an exponential relation between electrical conductivity and permeability. This relation is given by the equations(K) ¼ 10 À6 Â K Àb , where the exponent b was tted to the data and found to be À0.6376 AE 0.0025. Astonishingly, this relation holds true even for morphologically different structures, such as sintered and brous structures. Therefore, it is of high importance for macroscopic simulations. Such a relation decreases the degrees of freedom in macro simulations and allows experimentalists to estimate one parameter from another.
Conclusions
An overview on transport relevant parameters for several FF/CC combinations based on X-ray tomographic reconstructions was given. According to this, the requirements of FF/CCs can be compared relatively to each other. Using this type of tomography, morphology and calculated transport parameters can be compared in a fast and reasonable way, since the reconstruction and calculation can be standardized. We used tomography to obtain morphological and transport parameters of eight current collectors also functioning as ow elds (FF/CC) for water electrolysis or related energy devices.
We show that long known concepts like chord length distribution are able to quantify distances between solids at the catalytic layer-current collector ow eld interface. This parameter is connected to ohmic losses. They can also be used to quantify main directions of brous current collectors.
We also calculated and compared characteristic transport parameters in all microstructures, including: the thermal conductivity for 20 C and 80 C, electrical conductivity, and water permeability. These parameters can now be used to compare the inuence of current collector parameters on water electrolysis performance in macro models. We nd relations that indicate that different requirements cannot be chosen independently. These two important relations are: an exponential relationship between porosity and two phase (water and titanium solid) thermal conductivity, and a relation of through-plane electrical conductivity and water permeability. The relations hold true for all investigated structures, even for the morphological different sintered and brous structures. These relations have the potential to reduce the number of degrees of freedom in macro models. In addition they can be used by experimentalists to estimate one parameter from the other.
However it must be noted that an FF/CC must fulll more than just high water permeability and electrical conductivity. It is the interaction of multiple parameters that makes an FF/CC's performance increase. In future investigations, the X-ray tomographies of the FF/CCs can be virtually modied towards a better functionality in PEM electrolysis.
